Objective: The objective of this study was to validate the immunohistochemical assay for the diagnosis of nondystrophic myotonia and to provide full clarification of clinical disease to patients in whom basic genetic testing has failed to do so.
We have previously reported an increased frequency of coexisting recessive CLCN1 mutations in patients with currently diagnosed myotonic dystrophy type 2 (DM2), 1 because patients with DM2 heterozygous for a recessive CLCN1 mutation have more pronounced myotonia. 1 With the aim of showing this modifying effect of the cosegregating CLCN1 mutations on the protein level, we developed an immunohistochemical assay for ClC-1 protein expression. The method proved to be efficient in the molecular diagnostic clarification of nondystrophic myotonias (NDMs) caused by mutations in CLCN1 and SCN4A genes.
Autosomal recessive Becker (OMIM #255700) and dominant Thomsen (OMIM #160800) congenital myotonia are NDMs caused by mutations in CLCN1 on chromosome 7q35. 2 More than 100 different CLCN1 mutations have been identified. 3 Some CLCN1 mutations are clearly more common than others. R894X (c.2680C.T) has an estimated carrier frequency of about 1% in the European population. In the Finnish population the mutation F413C (c.1238T.G) is almost as frequent, at least in northern Finland. 4 However, these 2 mutations explain only about half of the congenital myotonias in the studied population, and many myotonia patients remain with just one mutation identified when screening for these 2 common mutations.
In this study, we focused on the validation of an immunohistochemical assay for the diagnosis of NDM. With this method combined with molecular genetics, we were able to clarify all undetermined myotonia patients, identify new recessive mutations, and verify normal protein expression with dominant CLCN1 mutations.
Patients and controls. The study included patients for whom muscle biopsy was available: 29 patients with NDM, 15 male and 14 female, with an average age of 49 years (range 20-78 years); 8 patients with DM1; 10 patients with DM2; 5 asymptomatic carriers of recessive CLCN1 mutations; and 6 nonrelated normal controls.
Twenty-five patients with NDM had clear clinical/subclinical myotonia. Twenty-four were from sporadic/recessive pedigrees. Five of the 24 were homozygotes for R894X, one was a compound heterozygote R894X and F413C, and in the remaining 18 screening for R894X and F143C had failed to establish a final genetic diagnosis (single mutation or no mutation detected). One patient, in whom screening for the 2 common CLCN1 mutations had been negative, was from an autosomal dominant pedigree. In the patients without a final genetic diagnosis, the whole CLCN1 exome or cDNA was sequenced so that the efficacy of our assay for ClC-1 expression to detect a second mutation could be determined.
Four NDM myalgic patients had myotonia detectable by EMG but not by clinical examination.
All patients with DM1 and DM2 had been genetically diagnosed. Two of the patients with DM2 had a cosegregating CLCN1 mutation. The remaining 8 patients with DM2 and 2 patients with DM1 who had been screened were negative for R894X and F413C. None of the patients were on antimyotonic drugs. Patients are summarized in table e-1 on the Neurology ® Web site at www.neurology.org. Population controls. We screened 100 Finnish population controls for the W118G mutation. Additionally, a cohort of 65 Finnish population samples from a genetically isolated Larsmo island region was screened for both W118G and c.264G.A changes and 100 from the same population were also screened for F413C mutations.
The W118G change had been previously screened for in 261 unrelated patients with myotonia and in 64 unrelated population control samples from the United Kingdom as a part of the clinical genetics service of the National Hospital for Neurology & Neurosurgery, Queen Square, London (unpublished data, 2010).
ClC-1 immunohistochemistry on human skeletal muscle.
Frozen sections of muscle tissue were used for immunohistochemical double staining of ClC-1 protein using 2 different antibodies pooled together, a commercial ClC-1 antibody against an extracellular domain close to the C-terminal (Alpha Diagnostic International, San Antonio, TX) and a ClC-1 antibody generated against the 15 C-terminal amino acids. 5 The double immunohistochemical staining was performed on the BenchMark (Roche Tissue Diagnostics/Ventana Medical Systems Inc.) immunostainer, visualized with a peroxidase-based detection kit and the signal amplified (Roche Tissue Diagnostics/Ventana Medical Systems Inc.). The stainings were analyzed and compared to normal controls. Samples used for immunohistochemistry are listed in table e-1.
Genomic DNA and cDNA sequencing of CLCN1 gene.
Genomic DNA was extracted from peripheral blood leukocytes. Primer sequences to the 23 CLCN1 exons are available upon request. All 23 exons were amplified by PCR and sequenced using bidirectional fluorescent sequencing on an ABI3130xl automatic DNA sequencer system (Applied Biosystems, Foster City, CA), with Big-Dye version 3.1 chemistry. For cDNA analysis, RNA was extracted from muscle biopsies using Trizol according to the manufacturer's suggestions (Invitrogen, Carlsbad, CA) and cDNA was generated using the HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems). CLCN1 gene transcript was sequenced using 5 overlapping primer pairs. All sequences were analyzed with Sequencer software (Gene Codes Corporation, Ann Arbor, MI).
SDS-PAGE and Western blotting. Membrane proteins were extracted from muscle biopsies: 2 normal controls, 1 cosegregating DM2 and heterozygous F413C mutation, 1 homozygous R894X, 3 heterozygous R894X, and 2 heterozygous F413C (table e-1). The membrane protein phases were used for SDS-PAGE and Western blotting according to standard protocols. Nitrocellulose membranes with transferred proteins were immunolabeled with ClC-1 antibody. 5 In vivo electroporation and expression analysis of chimeric green fluorescent protein CIC-1 constructs. Mammalian expression plasmids encoding chimeric green fluorescent protein (GFP) ClC-1 and GFP ClC-1 W118G were prepared. In vivo electroporation of plasmids encoding GFP ClC-1s into the living rat flexor digitorum brevis muscle was performed as described. 6 Three to 5 days after the operation, the rats were killed, and the transfected muscles were excised, frozen in liquid nitrogen-cooled isopentane, and cryosectioned.
Patch clamp analysis. The chloride currents supported by either homodimeric W118G mutant or wild-type channels were assessed by whole cell patch clamp. The W118G point mutation was introduced into the cDNA for human CLCN1 in a mammalian expression vector (PCDH1, System Biosciences) using the QuickChange Sitedirected Mutagenesis Kit (Agilent Technologies, Inc., Santa Clara, CA). HEK293T (ATCC) cells were transfected with 0.5 mg CLCN1 DNA using Lipofectamine2000 (Invitrogen) and studied by patch clamp 24-48 hours after transfection.
To obtain the voltage dependence of activation, the instantaneous current on stepping to 2100 mV (tail current) was measured after pre-pulses to variable voltages from 2140 mV to 1120 mV. The full voltage protocol started from a holding potential of 240 mV after which the voltage was first stepped to 160 mV (which fully activates wild-type channels) before applying the variable pre-pulse voltage and then the step to 2100 mV. The normalized tail current, I, was plotted against pre-pulse voltage, and was fitted with a Boltzmann function 
RESULTS

Immunohistochemistry and sequencing.
Patients with clinical and EMG myotonia. All 5 patients with homozygous R894X mutations showed total loss of sarcolemmal ClC-1 expression. Ten patients with clinical myotonia but just one heterozygous R894X mutation after first screening had total/subtotal loss of sarcolemmal ClC-1 protein (figure 1). Sequencing of the whole gene revealed that out of these 10 patients, 6 harbored an additional heterozygous W118G (c.352T.G) change located in exon 3 and 4 had an additional heterozygous synonymous change, c.264G.A, located in exon 2.
Of the 4 patients with clinical myotonia and heterozygous F413C mutation (table e-1, patients P12-P14, P20), one showed total loss of protein and was found to be compound heterozygous with a c.264G.A change. The 3 other patient biopsies showed subtotal loss of sarcolemmal ClC-1 protein and sequencing the whole gene identified compound heterozygosity with W118G.
One patient without common mutations and subtotal loss of sarcolemmal ClC-1 was compound heterozygous for 2 previously unknown mutations, V536I (c.1606G.A) and c.264G.A. In 2 other patients without common mutations and total loss of sarcolemmal ClC-1, sequencing the whole CLCN1 gene revealed a homozygous c.264G.A change only.
The c.264G.A mutation is a silent mutation with no amino acid change (p.V88V). However, cDNA sequencing of patients homozygous for c.264G.A revealed that all mRNA transcripts lacked exon 2. Exon 2 was also lacking in one allele in patients heterozygous for the c.264G.A change (figure 2). According to Human Splicing Finder 7 c.264G.A breaks several potential exonic splicing enhancer sites. Nucleotides c.263-270 are markedly conserved in mammals (figure 2). To ensure that c.264G.A is the cause of exon skipping and not just linked to it, we sequenced introns 1 and 2 (apart from base pairs c.180 1 938_180 1 1,167) in patients P22 and P16, and no variants were found.
One patient with dominant familial myotonia had a dominant F307S (c.920T.C) mutation located in exon 8 in compound heterozygosity with c.228415C.T that has been suggested to be a splice mutation 8 but is known to occur in 1% of normal population (1,000 genes database). There was no loss of ClC-1 protein on the sarcolemma. One patient with clinical myotonia and heterozygous R894X mutation had more or less normal amount of sarcolemmal ClC-1. Sequencing of the whole gene and mRNA in this patient did not disclose other CLCN1 mutations. The normal ClC-1 immunohistochemistry directly suggested a different cause and an A1156T mutation in the sodium channel SCN4A gene was subsequently identified.
Asymptomatic first-degree carrier relatives of patients with Becker myotonia. In the case of the homozygous c.264G.A brothers F1-II-1 and F1-II-2, we were able to study the asymptomatic mother F1-I-1, who logically was a carrier of the mutation. Each asymptomatic parent (F2-I-1 and F2-I-2) of patient F2-II-1 compound heterozygous for c.264G.A and R894X was found to be a carrier for one of the mutations each. Furthermore, the asymptomatic mother (F3-I-2) of the compound heterozygous patient F3-II-1 harboring c.264G.A and F413C carried the F413C mutation only. On immunohistochemistry, carriership of the F413C mutation in the mother was not associated with any clear loss of sarcolemmal protein. Thus, the segregation of c.264G.A is compatible with a recessive pathogenic mutation. Heterozygosity for R894X in the asymptomatic father F4-I-2 of patient P23 produced an irregular minor reduction of sarcolemmal ClC-1 (table e-1). Altogether, these results suggest that the compound heterozygous mutations in patients were on separate alleles.
Patients with EMG myotonia and myalgia but without clinical myotonia. In patients (P26-P29) with only EMG myotonia, sarcolemmal ClC-1 protein was close to normal, slightly irregular, or just moderately reduced. These patients were found to have heterozygous R894X and F413C mutations only, even after sequencing the whole CLCN1 gene.
DM1 and DM2 patients. The sarcolemmal ClC-1 staining in DM1 and DM2 samples was variable from severe reduction to normal staining when compared to normal controls. Muscle biopsy samples were available of only 2 patients with DM2 with cosegregating recessive CLCN1 mutations. One with a cosegregating heterozygous R894X mutation showed loss of ClC-1 protein while the other patient with DM2 with a cosegregating heterozygous F413C mutation showed subtotal loss of the protein in both immunohistochemistry and Western blotting. These reductions were in the range of ClC-1 expression seen in patients with DM1 and DM2. ClC-1 immunohistochemical results and results from CLCN1 sequencing are summarized in table e-1.
Western blotting. In Western blots, we observed 80%-90% reduction of ClC-1 protein in biopsies with a homozygous R894X mutation (figure 3). Heterozygous c.264G.A mutations combined with both R894X and F413C mutation also showed 80%-90% reduction of ClC-1 when compared to muscle biopsies from normal controls (figure 3). These results correlated well with the results in ClC-1 immunohistochemistry. Patients with combined heterozygous R894X and W118G showed less clear reduction of total ClC-1 protein expression in Western blots Results from functional analysis of W118G. Both W118G and wild-type ClC-1 channels produced robust chloride currents in human embryonic kidney (HEK) cells. In contrast to currents produced by many dominantly inherited ClC-1 mutants, there was no obvious difference in current amplitudes between the wild-type and mutant clones. In addition, there was no significant difference in voltage dependence between the W118G-W118G homodimeric ClC-1 mutant and the wild-type (figure 4). Wild-type ClC-1 has been shown to localize in the sarcolemma and T-tubules of wild-type rat myofibers. 5, [9] [10] [11] [12] Transfections of the chimeric GFP-ClC1 wild-type and W118G mutant into the living rat muscle fibers by means of electroporation did not reveal clear differences in the localization patterns between wild-type and mutant (data not shown).
Population screening. In the cohort of 100 samples from Larsmo population, we found 3 heterozygous F413C mutations corresponding to a carrier frequency of 3%. In 65 individuals from the same population, the W118G mutation was found in a carrier frequency of 7.7%, whereas no carriers of the c.264G.A mutation were found. In a cohort of 100 controls from central Finland, the W118G mutation was found in a frequency of 3%, and in a cohort of 64 controls from the United Kingdom with a frequency of 4.7%.
Of 261 UK myotonia patients, 31 were found to have the W118G mutation (10 of whom were homozygotes for this mutation), corresponding to a frequency of 12%. DISCUSSION We developed an immunohistochemical assay for ClC-1 in muscle fibers using 2 different antibodies that proved to be a robust method for the detection of presence or absence of sarcolemmal ClC-1 protein on muscle sections. In our total cohort of 74 patients with sporadic/recessive NDM, 23% had remained without genetic diagnosis after screening for the 2 common CLCN1 mutations in Finland, R894X and F413C. Using this method we were able to establish diagnosis in all and identified new CLCN1 mutations that can cause or exacerbate low chloride conductance myotonia.
The previously unreported c.264G.A mutation was found in 4 different combinations. The silent c.264G.A is the apparent cause of exon 2 skipping on mRNA subsequently leading to frame shift and expected to cause nonsense-mediated mRNA decay, which is supported by the absent protein in c.264C.A homozygotes.
The W118G mutation has been considered a polymorphism. 13 However, it occurred with an unexpectedly high frequency among myotonia patients from Finland and the United Kingdom. Nine of 19 Finnish myotonia patients with inconclusive results by screening for the 2 common Finnish myotonia mutations harbored W118G, which corresponds to 12% of the total myotonia patient cohort. Also in the United Kingdom, 12% of patients with confirmed or suspected myotonia congenita harbored the mutation, compared to 5% in the general population. This highly significant overrepresentation (p , 0.001, Fisher test) in both patient cohorts suggests a functional defect of muscle chloride conductance. When expressed in HEK cells, homodimeric W118G mutant channels yielded robust chloride currents with the same voltage dependence as wild-type channels; thus the defect is not at the level of ClC-1 protein function. However, on muscle immunohistochemistry the combination W118G/R894X or W118G/F413C causes subtotal loss of sarcolemmal ClC-1 protein clearly distinct from the expression of heterozygous R894X or F413C alone. By Western blotting, which measures the combined ClC-1 content of intracellular and surface plasma membranes, the total amount of ClC-1 protein in patients with a combined heterozygous W118G mutation is less abnormal. This discrepancy between sarcolemmal staining and blotting the total protein suggests mutant W118G is not correctly transported and integrated into the sarcolemma, which is in accordance with recent results reported for CLCN1 mutations Q43R, Y137D, and Q160H.
14 The W118G mutation has been reported to occur in healthy controls with a frequency of 2.9%-3.5% (database of single nucleotide polymorphisims). 13 However, it affects a highly conserved amino acid in the first transmembrane region of the protein.
Our population studies comparing the isolated Larsmo population to a cohort of central Finland show that the frequency of a certain mutation may be highly variable even within a population considered to be genetically homogeneous. The carrier frequency of the pathogenic F413C mutation varied in these geographic cohorts from 0.6% to 3% and the W118G showed frequencies of 3% and 7.7%, respectively. Low chloride conductance myotonia occurs when the summated loss of function of the 2 ClC-1 alleles is greater than 60% [15] [16] [17] owing to mutation of both alleles (Becker disease), a dominant negative interaction between a single mutant allele and the normal one (Thomsen disease), or a wider mRNA spliceopathy affecting both alleles (DM1 and DM2). Based on the high frequency in normal population controls and the absence of symptomatic homozygous W118G patients in our cohort, one explanation is that W118G causes a moderate loss of function (i.e., 40%-50% in a homozygote) that is insufficient to cause myotonia by itself, but sufficient to cause myotonia when the other allele shows loss of function.
Expression of ClC-1 is stimulated by action potentials 18 in the muscle cell; robust ClC-1 expression in the patient harboring the known dominant F307S mutation 19 is consistent with the notion of positive feedback between myotonia and expression of the dominant allele. Furthermore, this is the first confirmation in muscle from a patient with a dominant mutation that the dominant negative interaction must occur at the level of channel function and not by disrupted expression. The marked variability of ClC-1 expression detected by our assay in muscle from patients with DM1 and DM2 is consistent with the highly variable phenotype of these diseases. While the exacerbation of the DM2 phenotype by cosegregating recessive CLCN1 mutations is detectable as a selection bias in a large population, 1 in our 2 patients with DM2 we were not able to reliably distinguish the effect of a cosegregating CLCN1 mutation from inherent variability in the DM2 phenotype at the level of ClC-1 sarcolemmal expression.
A fully normal ClC-1 protein expression in a patient with myotonia may suggest Thomsen disease or a different genetic background such as sodium channel myotonia, as was the case in some of our patients. The assay is most useful when screening for common CLCN1 mutations fails to establish a genetic diagnosis in patients with sporadic or recessive myotonia; absence of protein indicates the presence of a second CLCN1 mutation, and results also assist in the classification of novel sequence variants as pathogenic or benign.
Practicing Neurologists: Take Advantage of These CMS Incentive Programs
Medicare Electronic Health Records (EHR) Incentive Program
The Medicare EHR Incentive Program provides incentive payments to eligible professionals, eligible hospitals, and critical access hospitals as they adopt, implement, upgrade or demonstrate meaningful use of certified EHR technology. Through successful reporting over a five-year period, neurologists are eligible for up to $44,000 through the Medicare incentive program. To earn the maximum incentive amount, eligible professionals must begin demonstrating meaningful use by October 3, 2012 . Learn more at www.aan.com/go/practice/pay/ehr.
Medicare Electronic Prescribing (eRx) Incentive Program
The Medicare eRx Incentive Program provides eligible professionals who are successful electronic prescribers a 1% incentive for meeting reporting requirements during the 2012 calendar year. To be eligible, physicians must have adopted a "qualified" eRx system in order to be able to report the eRx measure. This program has also begun assessing payment adjustments for eligible professionals who
have not yet begun participation in the program. Learn more at www.aan.com/go/practice/pay/eRx.
Physician Quality Reporting System (PQRS)
The Physician Quality Reporting System provides an incentive payment for eligible professionals who satisfactorily report data on quality measures for covered professional services furnished to Medicare beneficiaries. Eligible professionals who report successfully in the 2012 PQRS Incentive Program are eligible to receive a 0.5% bonus payment on their total estimated Medicare Part B Physician Fee Schedule allowed charges for covered professional services. Learn more at www.aan.com/go/practice/pay/pqrs.
